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Abstract 2 
 3 
To fill the gap in and provide baseline knowledge for developing increased understandings 4 
of the factors driving the invasiveness of the Ponto-Caspian gobiid Neogobius fluviatilis, 5 
their life history traits (as somatic growth and reproduction) were studied in three natural 6 
freshwater lakes in its native range. These populations were characterised by slow somatic 7 
growth rates, being the slowest reported across all of their native and non-native ranges. 8 
Ages were recorded to seven years old. Across the three lakes, there was considerable 9 
variability in their sex ratios and reproductive traits (including length at maturity and 10 
fecundity at length and age), revealing considerable inter-population variability. These data 11 
thus suggest N. fluviatilis has considerable plasticity in the expression of their life history 12 
traits, with this plasticity argued as a key factor in facilitating their ability to establish and 13 
invade new waters following introductions.   14 
 15 
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Introduction 1 
Biological invasions are pervasive components of global environmental change that are 2 
also important factors associated with biodiversity loss (Simberloff et al. 2013). 3 
Understanding the process by which non-native species establish populations and invade is 4 
important for invasion risk assessments and subsequent management actions (Gozlan et al. 5 
2010; Copp et al. 2016). This understanding is facilitated when there is extant knowledge 6 
on the biology and ecology of invaders in their native range (Copp et al. 2005), such as the 7 
extent of plasticity in their life history traits (Ribeiro et al. 2008). Indeed, high plasticity in 8 
the expression of life history traits tends to be a common trait of many globally invaders 9 
(Davidson et al. 2011), including many invasive fishes (Gozlan et al. 2010).  10 
An example of a potential invasive fish is the monkey goby Neogobius fluviatilis 11 
(Pallas, 1814). A member of the family Gobiidae, one of the largest fish families 12 
comprising more than 2,000 species and over 200 genera (Patzner et al. 2011), it is a 13 
benthic species that inhabits a range of environments (from near-shore marine to brackish 14 
and freshwater) (Thacker and Roje 2011). An omnivorous fish, whilst larger individuals 15 
can be piscivorous, their diet generally consists of invertebrates and, occasionally, 16 
planktonic algae (Jakšić et al. 2016; Tarkan et al. 2018). Their lifespan is reported up to 17 
five years, with individuals tending to live longer in warmer waters (Sasi and Berber 18 
2010).  19 
Although N. fluviatilis has negligible economic value (Çınar et al. 2013), their 20 
ecological significance can be substantial in invaded systems via their role as both novel 21 
predators and prey (Piria et al. 2016a). This is important given that it has invaded many 22 
European freshwater ecosystems (Copp et al. 2005; Grabowska et al. 2009; Jakovlić et al. 23 
2015) through ‘stepping-stone’ dispersal via ballast water, followed by dispersal within 24 
countries and basins through recreational sailing and angling pathways, as well as natural 25 
dispersal (Grabowska et al. 2009; Jakovlić et al. 2015). It has been predicted that 26 
compared to other Ponto-Caspian gobies (e.g. Neogobius melanostomus, Ponticola 27 
kessleri), the natural dispersal of N. fluviatilis would be slow (Čápová et al. 2008), 28 
potentially enabling management actions to slow this further (Britton et al. 2011). 29 
However, invasion risk assessments (e.g. AS-ISK, Copp et al. 2016) have predicted the 30 
species has potentially high invasiveness in Belarus (Matsistky et al. 2010), Iberia 31 
(Almeida et al. 2013) and Croatia (Piria et al. 2016b), and moderately high invasion 32 
potential in the Balkans (Simonović et al. 2013) and Finland (Puntila et al. 2013). In North 33 
 4 
America, the species is listed as one of five potential high-impact non-native species in the 1 
Great Lakes (Pagnucco et al. 2015). Their biological traits, including an extended 2 
spawning period and high parental investment in reproduction (e.g. nest construction, 3 
parental care) (Grabowska and Grabowski 2005), allied with their broad environmental 4 
tolerances, phenotypic plasticity and opportunistic feeding (Kakareko et al. 2005; Čápová 5 
et al. 2008; Grabowska et al. 2009), have been hypothesised as facilitating their invasion 6 
success. Nevertheless, to date, there have been no reports of their invasive populations 7 
resulting in ecological impacts (e.g. Jakšić et al. 2016; Piria et al. 2016b).          8 
Comparative ecological data for non-native fishes between their native and invasive 9 
ranges can assist developing understandings of the ecological drivers of successful 10 
invasions (e.g. Britton et al. 2010; Oyugi et al. 2011). However, these comparisons are 11 
rarely completed, especially for Ponto-Caspian gobies. Moreover, the ecology of N. 12 
fluviatilis in freshwater environments has been poorly been studied in both their native 13 
(Sasi and Berber 2010; Konečná and Jurajda 2012) and non-native ranges (Plachá et al. 14 
2010), although there are some available old literature on estuarine and marine populations 15 
in their native range (Trifonov 1955; Biľko 1965; Smirnov 1986). In their native Turkish 16 
range, only a single study is available on their growth and mortality (Lake Manyas; Sasi 17 
and Berber 2010), despite them being noted more widely in ichthyofaunal and length-18 
weight relationship reports (e.g. İlhan et al. 2012). This means that the invasion risk 19 
assessments and risk-based management of N. fluviatilis are poorly informed regarding 20 
native life history traits, potentially leading to weak predictive power (Gozlan et al. 2010; 21 
Britton et al. 2011). Consequently, the aim here was to quantify a suite of ecological and 22 
biological characteristics of N. fluviatilis across three lakes in their native range and across 23 
a gradient of environmental characters. Objectives were to: 1) assess age, growth and 24 
reproduction of native N. fluviatilis from three large natural lakes; 2) use meta-analyses to 25 
compare data from different locations; and 3) evaluate these results in the context of the 26 
potential invasiveness of N. fluviatilis and the commensurate management actions for 27 
minimising their invasions.  28 
 29 
Materials and methods 30 
Study sites  31 
Three natural lakes (Manyas, Uluabat and Sapanca) located in the Marmara Region (north-32 
west of Anatolia, Turkey) were sampled for N. fluviatilis (Fig. 1). The main morphological 33 
 5 
and physico-chemical characteristics of the lakes are summarized in Table 1. All of the 1 
lakes had a rich ichthyofauna dominated by cyprinid fishes (Geldiay and Balık 2009), but 2 
with other native gobiids also present: Proterorhinus semilunaris and Knipowitchia 3 
caucasica in varying abundances. Some piscivores, such as Esox lucius and Silurus glanis, 4 
and non-native species such as Carassius gibelio, Lepomis gibbosus and Gambusia 5 
holbrooki, also exist in the lakes. As N. fluviatilis has been recorded in all ichthyofaunal 6 
studies of the lakes (e.g. Numann 1958) then it is considered native. As all of the lakes 7 
have been isolated from neighbouring ecosystems (e.g. by the Sea of Marmara), then the 8 
populations were considered as genetically isolated. 9 
Lake Manyas is a shallow-turbid lake that is an important RAMSAR site, especially for 10 
a breeding site for migratory water birds (Albay and Akçaalan 2003). Seasonal water level 11 
fluctuations of 1 to 2 m occur naturally, but are exacerbated by irrigation (Karafistan and 12 
Arık-Colakoglu 2005). The lake has rich biodiversity, including more than twenty fish 13 
species, plus fauna including otters, crayfish, water snakes, turtles, salamanders and frogs 14 
(Albay and Akçaalan 2008). The investigated area of the lake for N. fluviatilis has 1.5 m 15 
average depth and a large littoral region usually with muddy-sandy bottom and some large 16 
rocks, and is surrounded by agricultural land.   17 
Lake Sapanca is a moderately deep (elevation varies between about 31 to x 33 m) lake, 18 
which is fed by several small streams and ground waters. Steep mountain streams that are 19 
located to the south deposit large quantities of coarse gravel and rocks into the lake. The 20 
catchment area is largely agricultural, with the lake used as a potable water source and has 21 
supported important industries in the past (Arman et al. 2009). The lake now suffers from 22 
large water level fluctuations and algal blooms, with drought and high water abstraction 23 
resulting in dramatic water level reductions in 2013 and 2014. This reduced the water level 24 
more than 3 m lower than the lake’s critical hydrological threshold value (i.e. 29.98 m) 25 
(WWF 2015). The low lake level affected the littoral areas where the fish samples were 26 
collected, impacting catches of N. fluviatilis, with their absence in samples collected in 27 
August and November 2014. Since 2015, water levels have returned to more normal levels 28 
due high winter rainfall.  29 
Lake Uluabat is a shallow eutrophic lake with seven small islands that also has 30 
RAMSAR designation due to its high diversity of migratory water birds (Magnin and 31 
Yarar 1997). Whilst the lake is used for fish production and irrigation, domestic and 32 
industrial waste discharges negatively affect its water quality (Arslan et al. 2010). The 33 
littoral areas have high coverage of submerged plants and the lake supports around 20 34 
 6 
freshwater fish species (Çınar et al. 2013). Samples of N. fluviatilis were collected from 1 
the littoral in areas of substrates of fine sand and organic mud, and with some cover of 2 
emergent and submerged macrophytes.        3 
 4 
Sample collection and processing 5 
Sampling was completed using electrofishing (SAMUS-725G) between August 2014 and 6 
January 2016 on a quarterly basis: August (summer), November (autumn), January 7 
(winter) and April/ May (spring). At each lake, focus was in the littoral areas with stony/ 8 
rocky substrates, with each sampled area being approximately 200 m long and up to 1.5 m 9 
in depth. Due to the low water levels of Lake Sapanca, no N. fluviatilis specimens were 10 
captured in August and November 2014, whereas specimens were present in all samples 11 
collected at the other lakes. On each sampling occasion, the lakes were all sampled in a 12 
period of 4 to 5 days. In all cases, nesting (black) males were not included in subsequent 13 
analyses due to their low number and potential to bias analyses. Following fish capture, 14 
individuals were identified to species, with N. fluviatilis euthanized (anaesthetic overdose; 15 
2-phenoxyethanol) and transported to the laboratory in a slurry of iced water.  16 
In the laboratory, the fish were defrosted, measured (total length (TL), to 1 mm) and 17 
weighed (W; to 0.1 g). Scale samples were then taken for ageing (from the area between 18 
lateral line and dorsal fin) and then the gonads were removed for sex determination. 19 
Females with ovaries containing yolked eggs were classified as mature, and those with 20 
non-yolked or indistinguishable eggs were classified as immature; males with clearly 21 
distinguishable testes were classed as mature. All ovaries were weighed (to 0.001 g), with 22 
sub-samples taken from the anterior, middle, and posterior portions of each ovarian lobe 23 
and sub-samples were fixed in 3.6% buffered formaldehyde.  24 
The individual ages of all N. fluviatilis specimens were determined by counting true 25 
annuli (after Vilizzi et al. 2013) by using scale impressions on acetate strips (10 scales for 26 
each specimen) and read on a micro-projector (magnification: × 48). The ages were 27 
derived independently by two interpreters on two occasion without biological knowledge 28 
of fish. Regenerated scales were excluded from analyses (7.3 % of all fish). Measurements 29 
were taken of the total scale radius and distances from the scale focus to each annulus (as 30 
the smallest distance between the points; Bagenal and Tesch 1978). Fecundity and egg 31 
diameter were determined for 60 fish per lake (30 in spring and 30 in summer) from ovary 32 
sub-samples collected in spring and summer using a stereomicroscope. Egg  diameter was 33 
 7 
determined by the measurement of 50 randomly-chosen oocytes per female using an ocular 1 
micro-meter.  2 
   3 
Data analysis 4 
Lengths-at-age were determined by back-calculation using the Fraser-Lee equation 5 
(Francis 1990): Lt = c + (TLc – c)(St / R), where Lt is TL when annulus t was formed, TLc 6 
is TL at capture, St is the distance from scale focus to the annulus t, R is scale radius, and c 7 
is the intercept on the length axis from the linear relationship of TL versus scale radius (TL 8 
= 12.42 × R + 17.42, r2 = 0.56, P < 0.01; n = 211). This c value (17.42 mm) was used as a 9 
fixed body-scale intercept to reduce bias due to differences in the size distribution. The 10 
length-weight relationship (WL) of N. fluviatilis of each lake was determined from W = 11 
aTLb, where a and b are the regression parameters, with the 95% confidence limits of b 12 
used to indicate deviation from b = 3.0. Fitting of WL relationships was in R v.3.4.0 using 13 
libraries ‘FSA’ and ‘nlstools’ (Ogle, 2017). 14 
The literature review was done by using Web of Science, and supplemented by Google 15 
Scholar, starting with the species name (‘Neogobius fluvitilis’) and life history traits ‘age’, 16 
‘growth’, ‘spawning’, ‘reproduction’, ‘age at maturity’, ‘length at maturity’, ‘fecundity’ 17 
and their combinations. To compare the growth data with literature values, two methods 18 
were used. Firstly, the von Bertalanffy growth function (VBGF) was used, where: TL = 19 
TL∞ (1 – e(−K (age – t0))) where TL∞ is the asymptotic TL, K the Brody growth coefficient 20 
(years−1), and t0 the age (year) of the fish at 0 mm TL (Ricker 1975). Note that in the lake 21 
samples, the back-calculated lengths at ages of males and females could not be modelled 22 
separately by VBGF due to minimum sample size requirements, so their data were 23 
combined. As per Vilizzi et al. (2015), comparisons between groups for VBGF was 24 
completed by hierarchical fitting eight models in total (Beverton-Holt parameterisation 25 
only): i) a general model with separate parameter estimates for each group (e.g. TL∞1 ≠ 26 
TL∞2, K1 ≠ K2, t01 ≠ t02; where 1 and 2 are the two different groups in the comparison); ii) 27 
three models with one parameter in common between groups (e.g. TL∞, K1 ≠ K2, t01 ≠ t02; 28 
TL∞1 ≠ TL∞2, K, t01 ≠ t02; TL∞1 ≠ TL∞2, K1 ≠ K2, t0); iii) three models with two parameters 29 
in common between groups (e.g. TL∞, K, t01 ≠ t02; TL∞, K1 ≠ K2, t0; TL∞1 ≠ TL∞2, K, t0); 30 
and iv) one common model with the same parameter estimates for all groups (i.e. TL∞, K, 31 
t0).  To select the best fitting model both the Akaike (AIC) and Bayesian Information 32 
Criterion (BIC) were computed with preference given to BIC in case of major disparity of 33 
 8 
outcomes for reasons of model parsimony (i.e. fewer parameters) (Burnham and Anderson 1 
2003). Model fitting was performed in R v3.4.0 (R Core Team 2017) using package ‘FSA’ 2 
v0.8.16 (Ogle 2017), with 1000 bootstrap confidence interval estimates of the parameters. 3 
For the comparison, each N. fluviatilis population for which a VBGF was originally 4 
provided, the index of growth performance Φ (Pauly & Munro 1984): Φ = LogK + 2 Log 5 
TL∞ was computed. Then, to compare the relative growth performance of N. fluviatilis 6 
across all locations (native and non-native range), a relative growth index was calculated 7 
(GI, %; Hickley and Dexter 1979). After using the Walford (1946) method to obtain a 8 
straight line by plotting TL at mean age (n) of all specimens against TL at age (n + 1), the 9 
GI was calculated as the mean value of the growth in each age class of N. fluviatilis for a 10 
certain location relative to TLs at age, obtained using the formula ln = L∞ (1 – kn) where L∞ 11 
= lt/(1 – k); lt = intercept; ln = TL at age n; k = slope of the Walford plot (after Hickley and 12 
Dexter 1979 ): GI = ∑ TLoi/TLri x 100, where TLoi and TLri are the observed and reference 13 
mean total length, respectively, of the N. fluviatilis at age i. Only the first three age classes 14 
(i.e. comparable ages) of each population were used in the calculations, as high levels of 15 
variability in the estimated length at older ages in the reviewed dataset was detected, 16 
suggesting some potential issues of ageing accuracy and precision (Beamish and 17 
MacFarlane 1983). 18 
 Mean age at maturity was calculated from the percentage of mature males and females 19 
in each age-class using the formula of DeMaster (1978):  20 
                                                        w 21 
     =  (x) [ƒ(x) – ƒ(x-1)]                            22 
           x=0 23 
where  is the mean age of maturity (AaM), x is the age in years, f(x) is the proportion of 24 
fish mature at age x, and w is the maximum age in the sample. A modified version of this 25 
formula (10 mm TL intervals in place of age-classes; Trippel and Harvey 1987) was used 26 
to calculate mean TL at maturity (LaM). Absolute fecundity (AF) was estimated 27 
gravimetrically as: AF = WG x D, where WG is the weight of ovary, and D is the density of 28 
number of mature oocytes per g of ovarian tissue. Relative fecundity (RF = number of 29 
oocytes g-1 of female) was calculated as RF = AF/WT (Bagenal and Tesch 1978). The 30 
gonado-somatic index (GSI) was calculated from both males and females for each 31 
population as: GSI = (WG/WT) x 100 (Wootton, 1990). 32 
 33 
 34 
 9 
Statistical analyses 1 
Differences in the sex ratio between male-to-female from 1:1 was tested using chi-squared 2 
(χ2) goodness of fit.  Comparisons in TL, weight, b, GSI, absolute and relative fecundity of 3 
N. fluviatilis amongst the lakes, age classes and between sexes of the species were made by 4 
permutational univariate analysis of variance (PERANOVA), based on a one fixed-factor 5 
design in each case following normalisation of the data and using a Euclidean dissimilarity 6 
measure. Data was used to obtain a distance matrix, which was subjected to 9999 7 
permutations of the raw data and tested for significance (PERMANOVA+ v1.0.1 for 8 
PRIMER v6: Anderson et al. 2008). The advantage of PERANOVA over traditional 9 
parametric analysis of variance is that the stringent assumptions of normality and 10 
homoscedasticity in the data typical of fully parametric analysis of variance (ANOVA), 11 
and which prove very often unrealistic when dealing with real-world ecological data sets, 12 
are substantially relaxed (Anderson and Robinson 2001). For comparative purposes, total 13 
length (TL, mm) was taken as the reference length measurement and whenever required, 14 
mean length at age (LAA) values that were expressed as standard length (SL, mm) across 15 
all reviewed studies were converted to TL using following species-specific conservation 16 
factor from SL (Froese and Pauly 2017): SL = 0.841 TL. 17 
 18 
Results 19 
 20 
Sex ratio, sample and body size 21 
In total, 575 N. fluviatilis were collected from Lake Manyas, 223 specimens from Lake 22 
Uluabat and 152 specimens from Lake Sapanca (Table 2). Mean total length (# = 23 
permutational, F#2,946 = 199.76, P < 0.01) and weight (F
#
2,946 = 411.55, P < 0.01) varied 24 
significantly amongst the lakes, with N. fluviatilis in Lake Manyas significantly larger than 25 
that in Lake Uluabat (for TL: t# = 15.56, P < 0.01; for W: t# = 24.80, P < 0.01) and Lake 26 
Sapanca (for TL: t# = 12.87, P < 0.01; for W: t# = 14.73, P < 0.01). N. fluviatilis in Lake 27 
Uluabat was then significantly larger than that in Lake Sapanca (for TL: t# = 12.05, P < 28 
0.01; for W: t# = 9.67, P < 0.01). In Lake Manyas females were significantly larger than 29 
males (F#1,174 = 234.19, P < 0.01), whereas the opposite was true in Lake Uluabat (F
#
1,303 = 30 
63.55, P < 0.01). In Lake Sapanca, there was no difference in mean TL between males and 31 
females (F#1,125 = 3.04, P = 0.0867). The sex ratio in Lake Manyas was significantly male 32 
dominated (sex ratio, M:F = 1.0:0.3, χ2 = 44.00; P < 0.01), significantly female dominated 33 
in  Lake Uluabat (1.0:1.5, χ2 = 10.62; P < 0.005), but relatively equal in Lake Sapanca 34 
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(1.0:1.0, χ2 = 0.08; P = 0.78). This pattern did not vary for the mature individuals (Lake 1 
Manyas: 1.0:0.3, χ2 = 42.01; P < 0.01, Lake Uluabat: 1.0:2.3, χ2 = 27.52; P < 0.01, Lake 2 
Sapanca: 1.0:1.0, χ2 = 0.04; P = 0.834). 3 
 4 
Age and growth 5 
The relationships of TL versus SL were: Lake Manyas: TL = 1.2789SL – 0.2941, r = 0.99, 6 
P < 0.01, n = 223; Lake Uluabat: TL =1.2203SL + 0.1858, r = 0.97, P < 0.01, n = 575; and 7 
Lake Sapanca: TL = 1.2261SL + 0.2227, r = 0.96, P < 0.01, n = 152. Regarding length-8 
weight relationships, estimated values of b (as 95 % CI) were above 3 for Lake Uluabat 9 
(positive allometry) and just below 3 for Lake Sapanca (negative allometry), but spanned 10 
3.0 in Lake Manyas (isometric) (Table 3). Values of b were significantly higher in Lakes 11 
Uluabat and Manyas than in Lake Sapanca (F# = 11.11, P < 0.01), but there was no 12 
significant difference in b values between in Manyas and Uluabat lakes (F# = - 0.55, P > 13 
0.05).  14 
The smallest mean LAA values were in Lake Sapanca, where minimum recorded age 15 
was observed (Table 4). Greatest LAA varied with age groups (Lake Uluabat for age 1 and 16 
2, and Lake Manyas for older age groups). The maximum recorded age in Lake Manyas 17 
and Uluabat was 7 years (Table 4). Annual growth increments of N. fluviatilis in Lake 18 
Manyas were considerably greater than those in other two lakes. For all study sites, growth 19 
increments were mostly similar between consecutive ages, though slightly declining at 20 
older ages (Fig. 2; Table 4). This resulted in significantly higher lengths at ages in Lake 21 
Manyas than those in other lakes (P# < 0.01) except for ages 4 and 5 (P# > 0.05). Three 22 
VGBF curves were best fitted with different t0 and K parameter values, which both were 23 
highest in Lake Manyas (Table 5). Across their range, the GI indicated the fastest growth 24 
of N. fluviatilis in the Azov Sea, followed by Utlyusky and Bug estuaries (all native range), 25 
whilst the populations of the present study had the lowest GI values that were similar to the 26 
value for the non-native River Ipel population (Table 6).  27 
 28 
Reproduction 29 
The minimum total length and age of mature N. fluviatilis were: Lake Manyas: female 70 30 
mm and 3 years, male 72 mm and 2 years; Lake Ulabat: female 42 mm and 2 years, male 31 
68 mm and 3 years; Lake Sapanca: females 38 mm and 2 years, males 70 mm and 3 years. 32 
Mean age at maturity of male N. fluviatilis in Lake Manyas was almost a year younger 33 
earlier than in Uluabat and Sapanca lakes, whereas it was similar for females in all lakes 34 
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(Table 7). Length at maturity of both males and females of N. fluviatilis were similar in all 1 
lakes, with the exception of females maturing at considerably smaller lengths in Lakes 2 
Uluabat and Sapanca compared with than Lake Manyas (Table 7). 3 
Although exact spawning duration could not properly have been determined due to 4 
sampling frequency (i.e. seasonally), seasonal GSI values of N. fluviatilis in the studied 5 
lakes indicated a longer spawning duration for N. fluviatilis in Lake Manyas (Table 7). In 6 
Lake Uluabat and Sapanca, female GSI peaked in May and declined sharply in August 7 
however in Lake Manyas both female and male GSI were still significantly higher in 8 
August than other studied lakes (female: F#3,201 = 44.58, P < 0.01; male: F
#
3,192 = 126.79, P 9 
< 0.01) suggesting continuing spawning but until November it appeared the spawning of 10 
N. fluviatilis was completed in all studied lakes (Table 7). Except for August sampling in 11 
Lake Manyas, gonad production was generally similar in all seasons among the lakes 12 
however female GSI was significantly higher in Lake Manyas and Uluabat than Lake 13 
Sapanca in May (F#3,167 = 41.94, P < 0.01) whereas the opposite was true for male GSI at 14 
the same month (F#3,211 = 24.06, P < 0.01). This was also true for female N. fluviatilis in 15 
Lake Manyas for November sampling (F#2,81 = 6.95, P < 0.05). Females had always 16 
significantly higher GSI values than males (P# < 0.05) except for Lake Sapanca where 17 
there was no significant difference between sexes in May (t# = 0.01, P = 0.99) and for Lake 18 
Uluabat in August where males GSI were significantly higher than females (t# = 4.38, P < 19 
0.01).   20 
Mean egg diameter of N. fluviatilis was highest in Lake Sapanca and smallest  in Lake 21 
Manyas (Table 7). Mean absolute fecundity of N. fluviatilis varied greatly amongst the 22 
lakes (F#2,51 = 4.37, P < 0.05), being higher in Manyas and Uluabat lakes than in Lake 23 
Sapanca (P < 0.01) (Table 7). Although the same pattern was also apparent for relative 24 
fecundity, the differences amongst the lakes were not significant (F#2,51 = 2.59, P = 0.08) 25 
(Table 7). Fecundity was significantly (P < 0.05) and positively (r > 0.90) correlated with 26 
total length and weight in all lakes studied (Table 7). Although there was no consistency 27 
for faster growing populations with maturing at smaller sizes, there seemed a pattern for a 28 
trade-off between smaller egg sizes and higher number of eggs (Table 7).   29 
 30 
Discussion 31 
 32 
The apparent paucity of data on the environmental biology of N. fluviatilis in its native and 33 
the non-native range is concerning, given how it is developing invasions in Europe and the 34 
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invasion concern it is causing in the Great Lakes. This knowledge gap is even more 1 
pronounced in its invasive range, where our extensive review of literature revealed only 2 
one study from Slovakia on age and growth of the species (Plachá et al. 2010). Moreover, 3 
the studies completed in the native range are generally relatively old and were conducted 4 
in marine and brackish waters from Russia and Ukraine, limiting their utility for 5 
comparisons with freshwater populations (Trifonov 1955; Bil’ko 1965; Smirnov 1986).  6 
The comparable data of N. fluviatilis across their range suggest that their growth rates 7 
are highly variable among the different geographical regions and environments. This was 8 
even evident in the present study, where the three lakes were relatively close to each other 9 
but still revealed high inter-population variability in all aspects of their life history traits. 10 
Notably, the N. fluviatilis populations of these lakes were the slowest growing reported 11 
from any populations, native or non-native, with this consistently the case for each 12 
parameter used (growth index, growth coefficient (K) and performance (Ø)). Their values 13 
tended to more similar to those of the only available growth data from the non-native range 14 
(Plachá et al. 2010) than the native range. Indeed, the growth parameters of native N. all 15 
indicated substantially faster growth rates than our study sites, perhaps a consequence of 16 
their collection from marine and estuarine environments that, speculatively, could have 17 
been of higher productivity and/ or had fish communities with less intense competitive 18 
interactions. 19 
A feature of the N. fluviatilis in the present study was their relatively long life spans 20 
(age seven years). The exception of Lake Sapanca, where the maximum recorded age was 21 
four years, with this attributed to sampling in only the littoral zone, with older and/ or 22 
larger specimens being in deeper water. This is supported by the only study on growth of 23 
N. fluviatilis previously conducted in Lake Manyas that reported substantially higher 24 
length at ages, but consistent VBGF parameters (L∞ and K) and slope of the length-weight 25 
relationship (b), compared to our data (Sasi and Berber 2010). A potential reason for the 26 
different length at ages might relate to the lack of quality control in the ageing of the 27 
previous study that could have resulted in low ageing precision (Beamish and MacFarlane 28 
1983), and/ or from samples being collected from different areas in the lake, such as more 29 
open water areas. However, the sampling locations in the lake were not revealed in that 30 
study (Sasi and Berber 2010). In addition, other studies on length-weight relationships of 31 
N. fluviatilis from different locations in native and non-native ranges of the species have 32 
provided contrasting results; compared to the lakes studied here, values of b were higher in 33 
the streams of the Biga peninsula from north-western Anatolia (İlhan et al. 2012) and non-34 
 13 
native N. fluviatilis in River Ipel (Plachá et al. 2010), but lower in River Zarrin-Gol in 1 
northern Iran (Patimar et al. 2008).  As this suggests some plasticity in aspects of  N. 2 
fluviatilis life history trait data, the differences in growth data between our study and Sasi 3 
and Berber (2010) might also just relate to temporal variability.  4 
Given the differences in growth already outlined between the freshwater and marine/ 5 
brackish populations of N. fluviatilis, the spatial differences between these systems might 6 
also be a causal factor in the differences between the growth performance of the fish 7 
between the three lakes. Whilst the shallow Uluabat and Manyas lakes both have very rich 8 
fish faunas, they also had high abundances of the obligate predator, E. lucius (Çınar et al. 9 
2013), that could have limited abundances of their prey populations and thus the weakened 10 
competitive pressures for N. fluviatilis, facilitating their faster growth. Lake Sapanca, 11 
meanwhile, had recently suffered a major drought and loss of littoral habitat, with these 12 
likely to have impacted all aspects of the ecology of the N. fluviatilis, including their 13 
forced use of spatially-restricted, sub-optimal habitats that might have increased the 14 
strength of their intra- and inter-specific competitive pressures. Thus, their slow growth 15 
and restricted age range in Lake Sapanca might relate to these factors and explain their 16 
poor performance compared to the other two lakes.  However, this must remain 17 
speculative, as it was unable to be tested directly. 18 
It is apparent from other studies that following sexual maturity, male N. fluviatilis are 19 
faster growing than females in both their native (Konečná and Jurajda 2012) and non-20 
native (Plachá et al. 2010) populations. However, this was not a consistent finding in our 21 
study, where females were significantly larger than males in Lake Manyas. This could be 22 
related to more frequent presence of larger reproducing females in shorelines of Lake 23 
Manyas, where they were captured significantly in higher numbers than males. This 24 
preference of reproducing females could be due to higher productivity of the shorelines, 25 
which was apparent with higher fecundity and gonad production as well as longer 26 
spawning duration of N. fluviatilis females in this lake. A previous study in Lake Manyas 27 
on N. fluviatilis (Sasi and Berber 2010) and a study from the native range of the species 28 
(Bulgarian section of the River Danube; Konečná and Jurajda 2012) recorded an equal sex 29 
ratio in populations, which was then considered to be a typical character of native 30 
populations; indeed, male dominated goby populations are usually attributed to developing 31 
non-native populations (e.g. Corkum et al. 2004; Gutowsky and Fox 2011). Our results 32 
indicated high inter-population variability in sex ratios across the three lakes, with these 33 
contrary to the pattern of equal sex ratios. These results suggest that sex ratios might be 34 
 14 
more related to environmental factors rather than the species status (i.e. native or non-1 
native, e.g. Kováč, 2016). These factors might particularly relate to habitat availability for 2 
spawning, where males generally are more numerous than females (Konečná and Jurajda 3 
2012). Variable sex ratios in the studied lakes could also be potentially explained by the 4 
newly recolonizing N. fluviatilis in Lake Sapanca may show an equal sex ratio, whereas 5 
the species living in more stable environments in the other studied lakes could have 6 
different sex ratios (e.g. Tarkan et al. 2012) that would also base on the sampling spots in 7 
these lakes (i.e. there was some inherent bias in samples).   8 
Compared to growth studies, there are even fewer studies on N. fluviatilis reproduction, 9 
with only a single study from the non-native range found to contain data on these traits 10 
(Plachá et al. 2010). According to this study, the species reach sexual maturity generally in 11 
their second year both ranges, although it is also environmentally driven too (Pinchuk et al. 12 
2003; Konečná and Jurajda 2012). Indeed, mean age at maturity was almost a year later in 13 
N. fluviatilis in the present study, with the only exception for males in Lake Manyas 14 
maturing at second year of life. Also, a single study from the native range of the species 15 
reported that N. fluviatilis in Bulgarian Danube spawned in April and June (Konečná and 16 
Jurajda 2012), which is line with our finding for Lake Sapanca and Lake Uluabat but not 17 
for Lake Manyas where the spawning appeared to be extended to at least August (Table 7). 18 
Notably, GSI values of N. fluviatilis in the Bulgarian Danube only matched with that in 19 
Lake Sapanca but are remarkably lower than those in Lake Manyas and Lake Uluabat. In a 20 
small stream in north-eastern Iran, absolute fecundity of N. fluviatilis varied between 276 21 
and 532 eggs (mean 386 eggs) (Abdoli et al. 2002), and from a mountain river in northern 22 
Iran, mean absolute and relative fecundity values were 508 eggs and 61 eggs g-1 (Patimar 23 
et al. 2008). These values are also quite different to our data from the three lakes, where 24 
the relative fecundity values suggested higher egg production in the lakes. The 25 
significantly lower egg and gonad production of N. fluviatilis in Lake Sapanca compared to 26 
Lakes Uluabat and Manyas could have related to the habitat loss and sub-optimal habitats 27 
outlined above. As a habitat specialist, N. fluviatilis is known to inhabit shorelines with 28 
sandy gravel bottoms (e.g. Čápová et al. 2008), with these completely lost in Lake Sapanca 29 
due to drought and abstraction. Another reason for lower egg and gonad production of N. 30 
fluviatilis in Lake Sapanca would be the relatively low productivity of the lake compared 31 
to eutrophic Uluabat and Manyas lakes (Table 1), as was also the case for other fishes, 32 
such as roach Rutilus rutilus and rudd Scardinius erythrophthalmus in Lake Sapanca 33 
(Tarkan 2006). Higher productivity of two studied shallow lakes could also explain the 34 
 15 
marked difference in absolute and relative fecundity values as well as in gonad production, 1 
with presumably less productive lotic environments in Iran (Abdoli et al. 2002; Patimar et 2 
al. 2008). However, higher egg production was observed to be compensated by smaller 3 
egg sizes in the studied lakes that could be attributed to trade-off between these two traits 4 
(i.e. egg number and size, e.g. Copp et al. 2010). With a caveat for small number of 5 
comparable habitats, the differences observed between reproductive features (e.g. 6 
fecundity and size at maturity) and growth of native and non-native N. fluviatilis were not 7 
in accordance with one of the main characteristics considered for invading specimens, such 8 
as the allocation of more resources into reproduction than somatic growth (e.g. Kováč et 9 
al. 2009). 10 
 11 
Conclusion 12 
Overall, our results suggest that irrespective of their native/ non-native status, N. fluviatilis 13 
can display high biological plasticity, depending on the environment in which they are 14 
present. The species should thus be considered as one where phenotypic plasticity is a key 15 
factor in its establishment success (e.g. Kováč, 2016). Observed attributes such as 16 
generalist life history, plasticity in growth and capability of shifting reproductive features 17 
tend to be advantageous for introduced fishes, as they facilitate their colonisation of new 18 
habitats and ecosystems (i.e. Colautti et al. 2006). Although N. fluviatilis does not spread 19 
as fast as other invasive gobies such as N. melanostomus (Zahorska et al. 2013) and P. 20 
kessleri (Copp et al. 2005), it is continuing to expand its non-native European distribution 21 
range (Plachá et al. 2010) and is still considered one of the most important potential 22 
invaders in the near future for North America (Pagnucco et al. 2015) by following the 23 
same pathways as other Ponto-Caspian species (e.g. Kornis et al. 2012). Regardless, this 24 
study provides important baseline information on the basic biological features of N. 25 
fluviatilis in its native range that has utility for understanding their establishment and 26 
dispersal success in their non-native range. This information is particularly expected to fill 27 
the gap for comparative studies on growth and life history traits between native and non-28 
native populations of the species for better understanding its invasion potential.       29 
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Tables 1 
Table 1.  Latitude (Lat), longitude (Lon), surface area (SA, km2), altitude (Alt, m), minimum (Min), maximum (Max) and mean Temperature 2 
(ºC), mean and maximum depth (m), pH, dissolved oxygen (DO, mg-1), electrical conductivity (EC, µS cm-1), total phosphorus (TP, µg-1) and 3 
total nitrogen (TN, mg-1) of three lakes in Marmara Region where Neogobius fluviatilis were sampled. 4 
 5 
     Temperature Depth pH DO EC TP TN 
Lake Lat Lon SA Alt Min Max Mean Mean  Max      
Manyas 40°12'  27°56' 178 18 7.1 27.1 18.6   1.5   3.6 8.1 8.5 2830 628 0.83 
Sapanca 40°42'  30°15'   47 30 8.4 27.5 15.8 26.0 55.0 8.9 9.4   253   12 1.96 
Uluabat 40°10'  28°35' 136   9 4.1 28.9 18.1   2.5   4.5 8.3 8.0   553 179 9.19 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
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Table 2. Number of specimens (n), minimum (Min), maximum (Max), mean and standard 
deviation (SD) of total length (TL) and weight (W) of male (M) and female (F) Neogobius 
fluviatilis from Sapanca, Uluabat and Manyas lakes.  
  
   
TL 
  
 
 
W 
  
Lakes n Min Max Mean SD  Min Max Mean SD 
Manyas (M) 132 34 173 136.15 2.92  0.31 81.71 43.08 18.77 
Manyas (F)   44 25 130   58.64 2.89  0.20 35.26   4.26   6.29 
Uluabat (M) 124 55 143   88.62 1.87   1.87 36.32   8.93   5.82 
Uluabat (F) 181 44 120   74.53 1.23  1.21 21.49   5.10   3.00 
Sapanca (M)   62 31 107   62.45 1.53  0.24 12.35   2.69   2.31 
Sapanca (F)   65 42   81   58.49 0.98  0.65   5.92   2.14   1.17 
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Table 3. Parameter estimates (with 95% lower and upper confidence intervals: LCI and UCI, 
respectively) for the length-weight (WL) relationships for Neogobius fluviatilis in Manyas, 
Uluabat and Sapanca lakes. 
 
WL  
Parameter Estimate SE LCI UCI  
Manyas      
 a 0.000015 0.000006 0.000007 0.000032  
 b 3.009 0.082 2.855 3.169  
Uluabat      
 a 0.000008 0.00001 0.000006 0.000011  
 b 3.067 0.031 3.001 3.128  
Sapanca      
 a 0.000014 0.000003 0.000010 0.000020  
 b 2. 907 0.041 2.825 2.989  
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Table 4. For Neogobius fluviatilis (all individuals combined) from three lakes in the Marmara region, number of specimens (n), mean total length (TL) in mm at capture, 
mean back-calculated lengths at age, standard error (SE), and mean annual growth increments using the scale radius to TL regression equation.  
 
 
Back-calculated body lengths at age 
    
 
TL at capture 
  
 
Age 1 
  
 
Age 2 
  
 
Age 3 
  
 
Age 4 
  
 
Age 5 
  
 
Age 6 
  
 
Age 7 
  
Manyas  n TL SE TL SE TL SE TL SE TL SE TL SE TL SE TL SE 
2015   2   39.6 0.05 29.20 0.05                         
2014   3   53.5 0.18 28.30 0.09 33.57 0.13                     
2013 10   71.1 0.35 44.20 0.06 59.33 0.08 74.60 0.08                 
2012 11   78.1 0.16 41.00 0.10 52.59 0.16 65.40 0.16   77.50 0.16             
2011   6   95.5 0.63 44.60 0.29 58.24 0.43 71.30 0.45   86.90 0.66   98.20 0.77         
2010   2 125.0 0.50 51.80 0.34 66.91 0.32 83.50 0.46 100.80 0.46 115.90 0.67 125.00 0.65     
2009   1 130.0 - 42.80 - 59.93 - 73.90 -   88.00 - 100.40 - 116.00 - 130.00 - 
Mean back-calculated TL at age 40.28 0.32 55.11 0.47 73.72 0.29   88.27 0.48 104.80 0.56 120.40 0.45 130.00 - 
Mean TL increment (mm)   14.83   18.61   14.55   16.53   15.60   9.60     
Uluabat                   
2015   4   36.25 0.26 39.00 0.40                         
2014 10   56.30 0.13 43.50 0.12 56.48 0.18                     
2013 47   69.30 0.09 44.38 0.10 58.61 0.15 71.60 0.20                 
2012 40   88.60 0.19 42.70 0.10 55.26 0.15 67.71 0.20 79.91 0.24             
2011 22   97.70 0.29 42.97 0.08 55.96 0.12 69.87 0.15 83.48 0.19 95.50 0.20         
2010 13 104.70 0.26 40.44 0.12 53.47 0.12 66.25 0.14 79.65 0.18 91.45 0.21 103.95 0.22     
2009   3 113.00 0.37 42.32 0.02 55.53 0.13 67.15 0.09 78.37 0.02 89.99 0.04 102.82 0.13 113.66 0.37 
Mean back-calculated TL at age 42.24   55.89   68.52   80.36   92.33   103.39   113.67 - 
Mean TL increment (mm)   13.65   12.63   11.84   11.97   11.06   10.28     
Sapanca  
 
          
      2015   0   0.00 - - -       
2014 13 51.07 0.16   4.02 0.13   5.11 0.16         
      2013 16 61.62 0.25   4.00 0.13   5.11 0.16   6.16 0.25     
      2012   8 72.62 0.16   3.97 0.08   5.09 0.14   6.19 0.19   7.26 0.16 
      Mean back-calculated TL at age 39.96 0.16 51.02 0.05 61.75 0.12 72.63 - 
      Mean TL increment (mm)   11.06   10.73   10.87     
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Table 5. Growth in Neogobius fluviatilis in three lakes of natural range of distribution (see 
Fig. 1) as described by the von Bertalanffy growth function (VBGF). For each model 
parameter estimates are provided with SE (standard errors) and 95% lower and upper 
confidence intervals (LCI and UCI. respectively; 1000 bootstrap iterations) for best fit 
models. TL∞ = asymptotic total length (mm); K = Brody growth coefficient (years
−1); t0 = 
age of the fish at 0 mm TL. Statistically significant tests (in bold) are Bonferroni-corrected 
at α = 0.05/5 = 0.01 because five models were derived from the same dataset (or subsets 
thereof). M: Manyas. U: Uluabat. S: Sapanca. 
Parameter Estimate SE LCI UCI t P 
 TL∞ 254.88 186.27 136.65 736.37 1.37 0.173 
 KM 0.26 0.11 0.03 0.33 0.93 0.354 
 KU 0.06 0.06 0.02 0.18 0.92 0.360 
 KS 0.06 0.06 0.02 0. 20 0.99 0.322 
 t0M 0.26 0.68 −0.67 1.16 0.37 0.710 
 t0U −3.50 1.46 −5.13 −1.49 −2.41 0.017 
 t0S −1.59 1.27 −5.78 0.04 −1.25 0.212 
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Table 6. Mean length at age (total length: TL, mm), growth index (GI), parameters of von Bertalanffy growth function (L∞, K) and growth 
performance (Ø) of female (F), male (M) and combined (F + M) Neogobius fluviatilis from various ecosystems (river, lake, estuary and sea) in 
native (N) and introduced (I) distribution range. A = Age. 
 
Location (status) Sex A1 A2 A3 A4 A5 A6 A7 GI L∞ (mm) K (year-1) Ø Reference 
River Ipel (I) F   50   64   73 90 
   
  62   96 0.30 3.44 Placha et al. (2010) 
 
M   52   62   77 98 124 
  
  64 132 0.23 3.60 Placha et al. (2010) 
Dnieper Estuary (N) F   73 100 134 
    
102 166 0.52 4.16 Bil’ko (1965) 
 
M   74 125 138 
    
112 142 1.36 4.44 Bil’ko (1965) 
Bug Estuary (N) F   87 126 145 
    
119 161 0.77 4.30 Bil’ko (1965) 
 
M   90 137 144 
    
124 145 1.87 4.67 Bil’ko (1965) 
Azov Sea (N) F 105 134 
     
121 140 1.89 4.57 Trifonov (1955) 
 
M 128 161 
     
147 171 1.44 4.62 Trifonov (1955) 
Utlyusky Estuary (N) F+M 115 130 
     
125 132 2.09 4.56 Smirnov (1986) 
Lake Manyas (N) F+M   75 109 128 138 149   104 228 0.49 4.41 Sasi and Berber (2010) 
Lake Manyas (N) F+M   40   55   73   88 105 120 140   56 255 0.26 4.23 Present study 
Lake Uluabat (N) F+M   42   56   69   80   92 104 114   56 255 0.06 3.59 Present study 
Lake Sapanca (N) F+M   40   51   62   73 
   
  51 255 0.06 3.59 Present study 
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Table 7. Mean at age maturity (AaM, in years), mean total length (TL) at maturity (TLaM, in mm), mean absolute (AF) and relative fecundity 
(RF), mean egg diameter (ED, in mm), relationship between TL and weight (W) and absolute fecundity, and Gonadosomatic Index (GSI) of 
Neogobius fluviatilis from Manyas, Uluabat and Sapanca lakes. M = males, F = females. Number of specimens used for the calculation of each 
variable is given in parentheses. See Material and Methods for the number of specimens and eggs for fecundity and egg diameter calculations. 
Total length range (TL, mm) of the specimens that mean fecundity and egg diameter were calculated: Lake Manyas = 72-130, Lake Uluabat = 
57-101, Lake Sapanca = 45-80. 
Reproductive 
parameters 
Manyas Uluabat Sapanca 
AaM (M)     2.50 (40)     3.88 (47)     3.20 (37) 
AaM (F)     3.36 (41)     3.77 (65)     3.00 (35) 
TLaM (M)   77.8 (40)   71.7 (59)   71.7 (40) 
TLaM (F)   71.4 (61)   47.0 (84)   40.0 (53) 
AF 535.74±446.68 436.46±215.95 170.44±51.15 
RF 144.45±138.01   98.74±31.69   73.28±26.58 
ED     0.35±0.30     0.40±0.22     0.57±0.28 
TL-AF     0.4201AF1.4635     
1.8253AF0.2302 
    1.1008AF0.3392 
W-AF     0.0007AF1.4404     
0.0303AF0.8241 
    0.0081AF1.1242 
GSI – August (M)     5.46±1.42     1.08±0.45     0.98±0.46 
GSI – August (F)   13.57±5.21     0.26±0.29     1.12±1.01 
GSI – November (M)     1.00±1.03     0.34±0.27     0.35±0.19 
GSI – November (F)     3.65±5.98     0.90±0.66     0.88±0.28 
GSI – January (M)     0.95±0.28     0.75±0.74     1.02±0.23 
GSI – January (F)     1.96±0.35     1.10±0.59     2.14±0.45 
GSI – May (M)     1.24±1.25     1.91±1.64     5.84±7.54 
GSI – May (F)   16.10±5.39   17.13±8.15     5.83±6.83 
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Figure captions 
 
Fig. 1. Lakes where Neogobius fluviatilis were sampled in Marmara region (northwest 
Turkey). 
 
Fig. 2. Growth in length for Neogobius fluviatilis as described by the von Bertalanffy growth 
function (VBGF; parameters in Table 5) fitted by lake. In the scatterplots, each point 
represents one mean length-at-age (LAA). The points in the scatterplot are slightly jittered 
to improve visibility.  
 
 
 
 
 
